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I N T R O D U C T I O N
The potassium channel KcsA from Streptomyces lividans 
has been used as a model for understanding the structure–
function  relationships  of  ion  channels  (Doyle  et  al., 
1998; MacKinnon, 2004; Gouaux and Mackinnon, 2005). 
It is a small tetrameric protein with a pore region that 
resembles that of larger potassium channels (Doyle et al., 
1998; MacKinnon, 2004; Gouaux and Mackinnon, 2005). 
The channel is activated by protons acting on the in-
tracellular aspect of the protein (Cuello et al., 1998; 
Heginbotham et al., 1999; Thompson et al., 2008) and 
inactivated through conformational changes in the se-
lectivity filter (Blunck et al., 2006; Cordero-Morales 
et  al.,  2006a,b,  2007).  Macroscopic  current  measure-
ments of KcsA channels have shown that after exposure 
to low pH, the channels are rapidly activated and subse-
quently enter an inactivated state from which recovery 
is slow (Gao et al., 2005; Cordero-Morales et al., 2006b; 
Chakrapani et al., 2007a). As a result, under steady-state 
conditions,  the  channel  has  a  low  open  probability 
(Cordero-Morales et al., 2006b; Chakrapani et al., 2007b). 
In single-channel recordings, this activity is character-
ized by short bursts of activity that are separated by long 
periods  of  inactivity  (Cordero-Morales  et  al.,  2006b; 
Chakrapani et al., 2007b). In addition, the steady-state 
gating of KcsA at low pH is affected by the applied po-
tential (Cuello et al., 1998; Heginbotham et al., 1999; 
Cordero-Morales et al., 2006a), which influences the rate 
of entry and exit into the inactivated state as reflected in 
macroscopic currents (Chakrapani et al., 2007a).
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The inactivation of KcsA is modulated by intraproto-
meric  interactions  between  Glu71  and  Trp67  in  the 
pore helix and Asp80 in the external entrance of the 
channel (Fig. 1). Therefore, the inactivation of KcsA 
channels  can  be  described  as  an  allosteric  process, 
where the conformation of the regulatory site (the net-
work of interactions between the pore helix and the ex-
ternal entrance) affects ion permeability through the 
selectivity filter. The mutation E71A, which disrupts this 
network, greatly reduces the rate of inactivation as ob-
served in macroscopic currents (Cordero-Morales et al., 
2006a,b, 2007 Chakrapani et al., 2007a,b) and produces 
a remarkably high steady-state open probability in sin-
gle-channel  recordings  at  low  pH  (Cordero-Morales   
et al., 2006a,b, 2007; Chakrapani et al., 2007b). Further, 
it has been proposed that crystal structures of wild-type 
(WT) KcsA in the presence of high K
+ concentrations, 
where the selectivity filter contains two ions distributed 
over the four binding sites (Zhou et al., 2001), repre-
sent the permeable (active) configuration of the KcsA 
selectivity filter (Fig. 1). On the other hand, the struc-
tures of WT KcsA at low K
+ concentrations (Zhou et al., 
2001)  and  the  crystal  structure  of  the  M96V  mutant 
(Lockless et al., 2007), where the selectivity filter con-
tains one ion distributed over the two remaining bind-
ing sites, are thought to represent the configuration of 
the selectivity filter during inactivation.
C-type inactivation of eukaryotic voltage-dependent 
K
+ (Kv) channels, which occurs in response to prolonged 
depolarization, has also been associated with conforma-
tional changes in the selectivity filter (Yellen, 1998). 
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and the small viral K
+ channel Kcv can be expressed in 
a cell-free system and purified by SDS-PAGE before di-
rect insertion into planar lipid bilayers (Braha et al., 
1997; Shim et al., 2007; Mason, 2008). Cell-free protein 
synthesis  has  advantages  over  conventional  protein 
expression  techniques,  including  its  rapidity  and  the   
capability to synthesize proteins with unnatural or labeled 
amino acids (Spirin, 2002; Wang et al., 2006). Cell-free 
synthesis has been used to produce many membrane 
proteins,  including  KcsA  channels  (van  Dalen  et  al., 
2000). In addition, it has been shown that KcsA, like the 
-hemolysin pore and the Kcv channel, maintains its 
oligomeric structure during SDS-PAGE (Heginbotham 
et al., 1997). These results suggested that KcsA tetra-
mers  might  also  be  purified  directly  from  polyacryl-
amide gels in a functional form, which is the approach 
taken here.
Cell-free protein synthesis followed by direct protein 
purification by SDS-PAGE was previously exploited to 
form heteromers of WT and chemically modified mu-
tant subunits of -hemolysin (Braha et al., 1997). More 
recently,  when  this  technique  was  used,  the  mutant   
-hemolysin subunits contained oligoaspartate extensions 
at their C termini (Howorka et al., 2001). Accordingly, 
it  was  possible  to  separate  heteromers  with  different 
combinations of WT and mutated subunits based on 
their differing electrophoretic mobilities. Electropho-
resis of KcsA heteromers formed by the coexpression of 
subunits with different peptide extensions at their C ter-
mini was used previously to demonstrate that KcsA 
forms tetramers (Heginbotham et al., 1997). However, 
these channels were not purified from the gels and used 
for functional studies. In the present work, heteromers 
C-type inactivation of Kv channels is a cooperative pro-
cess that involves concerted conformational changes of 
all  four  subunits  (Ogielska  et  al.,  1995;  Panyi  et  al., 
1995).  The  KcsA  inactivation  process  shares  features 
with C-type inactivation: (a) mutation of Glu71 and 
Tyr82 in KcsA (Cordero-Morales et al., 2006a,b), and 
the  corresponding  residues  in  Shaker  Kv  channels, 
Val438  (Yifrach  and  MacKinnon,  2002)  and  Thr449 
(López-Barneo et al., 1993; Ogielska et al., 1995), respec-
tively, all affect the inactivation of the channels; (b) the 
rate of inactivation of KcsA and Shaker Kv channels has 
a similar dependence on the extracellular potassium 
ion concentration (López-Barneo et al., 1993; Cordero-
Morales et al., 2006b; Chakrapani et al., 2007a). These 
results, together with the sequence and structural simi-
larities of KcsA and eukaryotic K
+ channels in the region 
of the selectivity filter (Long et al., 2005), suggest that 
the inactivation processes of the channels are mecha-
nistically similar.
Single-channel recordings are widely used to clarify 
the mechanisms of action of ion channels. The majority 
of single-channel activity measurements on ion channels 
that have been performed in planar lipid bilayers, in-
cluding those on KcsA channels, have been of proteins 
overexpressed and purified from bacteria. The ion chan-
nels are typically reconstituted into lipid vesicles, which 
are subsequently fused with bilayers (e.g., Schrempf et al., 
1995; Heginbotham et al., 1999). Although this ap-
proach has produced valuable data and expanded our 
understanding of the functional properties of ion chan-
nels, time-consuming overexpression and purification 
steps are involved. It has previously been shown that 
some  barrel pores, such as staphylococcal -hemolysin, 
Figure  1.  Superposition of the selec-
tivity filter region of the WT KcsA struc-
ture (PDB entry 1K4C; magenta) and 
the flipped E71A KcsA structure (PDB 
entry 2ATK; green). There is a network 
of interactions between the side chains 
of Asp80, Glu71, and Trp67 in the WT 
channel. This network is broken in the 
mutated channel, and the side chains 
of Asp80 are exposed at the extracel-
lular entrance of the channel. K
+ ion   
binding sites inside the selectivity filter   
are presented as blue spheres and water 
molecules as red spheres. One KcsA 
protomer is omitted for clarity. Both of 
these structures are believed to repre-
sent conductive forms of the selectivity 
filter  exhibiting  four  K
+  ion  binding 
sites with an overall occupancy of two 
K
+ ions. The superposition was created 
with PyMOL (http://www.pymol.org).  Rotem et al. 31
different heteromers. The unfixed gel was vacuum dried with-
out heating onto 3MM chromatography paper (GE Healthcare) 
and visualized by exposure to film (BioMax MR-1; Kodak). Each 
of the heteromer-containing bands was cut from the gel by using 
the autoradiogram as a guide. The excised pieces were rehy-
drated with buffer (200–300 µl) containing 10 mM HEPES,   
pH 7.0, and 10 mM KCl for 1 h. After removing the paper,   
each gel strip was thoroughly crushed in the solution, and the 
protein was separated from the gel by centrifugation through a 
0.2-µm cellulose acetate filter (Rainin). The protein was stored 
frozen at 80°C.
Proteolysis with TEV protease
The polypeptide extensions of the heteromers were removed by 
proteolysis with TEV protease. Before proteolysis, the storage buf-
fer of the protein was exchanged for 50 mM Tris HCl, pH 8.0, 
0.5 mM EDTA, 0.02% (wt/vol) n-dodecyl--d-maltoside, and 10 mM 
KCl by dilution and concentration by centrifugation, three times 
at 14,000 g for 18 min, with a filter (YM-10 Microcon; Millipore). 
1 mM (final concentration) dithiothreitol and AcTEV protease 
(1 µl, 10 U µl
1; Invitrogen) were added to a protein sample   
(50 µl) (Parks et al., 1994; Suh-Lailam and Hevel, 2009). The 
sample was incubated overnight at 25°C and stored at 80°C. 
This material was used directly for electrical recordings.
Single-channel electrical recording and analysis
Single-channel recordings were performed by using the folded pla-
nar lipid bilayer method (Montal and Mueller, 1972). The apparatus 
consisted of a 0.025-mm-thick Teflon septum glued between two 
Delrin chambers. The septum contained an aperture of 100-µm di-
ameter, which was treated with 10% (vol/vol) hexadecane in pen-
tane. Each chamber was filled with 1 ml of filter-sterilized buffered 
salt solution. Unless otherwise stated, the salt solutions were 200 mM 
KCl and 10 mM HEPES, pH 7.0, in the cis chamber and 200 mM KCl 
and 10 mM succinic acid, pH 4.0, in the trans chamber (solutions 
were titrated with KOH or HCl).
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)   
and 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] 
(POPG) (8 µl; 7.5 and 2.5 mg ml
1, respectively, in pentane) or 
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC; 8 µl; 10 mg 
ml
1 in pentane) were added to the surface of each chamber, and 
the pentane was allowed to evaporate to leave behind a lipid 
monolayer. A lipid bilayer was formed by lowering and raising the 
liquid levels in the chambers below and above the aperture.
The  electrical  current  was  detected  with  two  Ag/AgCl  elec-
trodes, amplified with a patch clamp amplifier (Axopatch 200B; 
MDS Analytical Technologies), filtered with a low-pass Bessel filter 
(80 dB per decade) with a corner frequency of 5 kHz, and digi-
tized  with  an  A/D  converter  (DigiData  1320;  MDS  Analytical 
Technologies) at a sampling frequency of 50 kHz. In all experi-
ments, the cis chamber was at ground. A positive current repre-
sents  the  movement  of  cations  from  trans  to  cis.  The  bilayer 
recording platform, chambers, amplifying headstage, and micro-
manipulator were enclosed in a Faraday cage to shield against am-
bient electrical noise. KcsA channels were directly inserted into 
the bilayer from the cis (ground) chamber either by adding the 
protein to the bath solution and stirring or by using an agarose 
probe, as described previously (Holden and Bayley, 2005).
Traces of 2-min duration (beginning in the open state) were 
further filtered with a digital Gaussian filter at 1 kHz in Clampfit 
10 (MDS Analytical Technologies). Amplitude histograms were 
fitted to Gaussian functions, and the quoted unitary conductance 
values were obtained from the peak (mean) values of the fits. 
Open  probabilities  were  determined  with  the  Single-Channel 
Search module from Clampfit. When the activity of more than 
one channel was observed in a trace, the single-channel open 
probability was determined by dividing the total open probability 
that contained WT and E71A KcsA protomers with differ-
ent peptide extensions at their N termini were produced 
and separated by SDS-PAGE. The extensions were then 
cleaved  by  proteolysis,  and  single-channel  recordings 
were made with heteromers in which the protomers 
differed from each other only at the desired site of 
mutation, position 71.
By this approach, we reveal how regulatory sites in the 
KcsA channel affect inactivation. These regulatory sites 
are the networks of interaction within individual pro-
tomers between the pore helix and the external entrance 
of the channel. Based on our results, we propose an   
inactivation mechanism that features cooperativity be-
tween the four subunits. In addition, this study shows 
that the E71A mutation causes the formation of a ring of 
charges at the extracellular entrance of the channel that 
increases inward ionic conduction.
M AT E R I A L S   A N D   M E T H O D S
Unless  otherwise  stated,  chemicals  and  oligonucleotides  were 
purchased  from  Sigma-Aldrich.  Enzymes  and  prestained  gel 
markers were purchased from New England Biolabs, Inc. and lip-
ids from Avanti Polar Lipids, Inc.
Genetic constructs
Constructs  were  assembled  in  the  pT7-SC1  expression  vector 
(Cheley et al., 1997) and verified by sequencing of the entire 
genes. The KcsA gene encoding the point mutant E71A was gen-
erated  by  PCR  mutagenesis  and  in  vivo  recombination  as  de-
scribed previously (Jones, 1995; Howorka and Bayley, 1998). The 
same technique was used to generate the genes for KcsA with   
N-terminal polypeptide extensions by using overlapping primers 
to form the coding sequences for the extensions. Two extensions 
were generated: “long,” with the amino acid sequence MHHHH-
HHNNNNNNNNRLEQKLISEEDLL..., and “short,” with the se-
quence  MHHHHHHL....  In  both  cases,  the  sequences  were 
followed by a tobacco etch virus (TEV) protease recognition site 
(ENLYFQG) and eight asparagine residues.
Cell-free coupled transcription and translation
Polypeptides  were  generated  by  coupled  in  vitro  transcription 
and translation (IVTT) by using an Escherichia coli T7-S30 extract 
system for circular DNA (Promega). The complete 1-mM amino 
acid mixture minus cysteine and the complete 1-mM amino acid 
mixture minus methionine were mixed in equal volumes to ob-
tain the working amino acid solution required to generate high 
concentrations of the proteins. The amino acids (10 µl) were 
mixed with premix solution (40 µl), 4 µl [
35S]methionine (1,175 
Ci mmol
1, 10 mCi ml
1; MP Biomedicals) and 30 µl T7 S30 ex-
tract supplemented with 20 µg ml
1 (final concentration) rifam-
picin (Cheley et al., 1997). To form heteromers, different ratios of 
the plasmid DNA encoding WT KcsA with the long polypeptide 
extension and E71A-KcsA with the short polypeptide extension 
were mixed (total volume 16 µl, from 400–ng µl
1 stock solutions 
of each DNA). Synthesis was performed for 60 min at 37°C to 
generate 100 µl IVTT polypeptide solution. Laemmli sample buf-
fer (2×, 100 µl; Bio-Rad Laboratories) was then added and the 
sample was loaded, without heating, into two 5-mm wells of a 
15-cm-long, 1.5-mm-thick 10% SDS polyacrylamide gel. Both the 
stacking and the separation gels were supplemented with 10 mM 
KCl. The gel was run overnight at 45 V, and then for a few more 
hours at 100 V to achieve the maximal separation between the 32 Inactivation of KcsA heterotetramers
folded lipid bilayers were used (Montal and Mueller, 
1972), composed initially of either DPhPC or a 3:1 ratio 
of POPE and POPG.
Previous studies have suggested a requirement for a 
negatively charged lipid for channel activity (Heginbotham   
et al., 1998; Valiyaveetil et al., 2002). Typically then, for 
single-channel  recordings,  KcsA  is  reconstituted  into 
vesicles  and  fused  with  bilayers  of  3:1  POPE/POPG 
(Heginbotham  et  al.,  1999;  LeMasurier  et  al.,  2001; 
Marius et al., 2008) or soybean asolectin lipids (Cortes 
et al., 2001). However, we found that KcsA functions in 
a lipid bilayer composed solely of DPhPC with similar 
activity,  in  terms  of  channel  gating  and  ion  conduc-
tance, compared with that observed in POPE/POPG bi-
layers (Fig. 2, B and C). As the S30 cell extract contains 
a high level of E. coli lipids (van Dalen et al., 2002; 
Conlan, 2003), it is possible that the tetramer formed 
by IVTT contains tightly bound PG, which might be   
retained  throughout  the  purification  process  and 
thereby allow the channel to function in a DPhPC bi-
layer. All subsequent experiments were performed with 
DPhPC bilayers.
To be active in reconstituted systems, the intracellular 
domain of KcsA should be at pH <5 (Cuello et al., 1998). 
Therefore, the chamber solutions were buffered with   
10  mM  HEPES,  pH  7.0,  in  the  cis  chamber,  and  with   
10 mM succinic acid, pH 4.0, in the trans chamber. This 
ensured that the active channels were of known orienta-
tion with respect to the bilayer (Heginbotham et al., 1999). 
The cis chamber therefore represented the extracellular 
(NPo) by the total number of active channels (N). NPo is calculated 
by Clampfit: 
NP n
T
o
n
N t =∑
1
,
 
where n is the number of channels in level n (1, 2, … N), tn is the 
total amount of time spent in level n during the entire trace, and 
T is the total recording time. A value for N was obtained from the 
highest current level observed during a recording.
R E S U LT S
In vitro expression of functional KcsA channels
KcsA was expressed and labeled with [
35S]methionine 
in a cell-free IVTT system. Analysis by SDS-PAGE re-
vealed two major bands with Mr values of 15 and 45 kD 
(Fig. 2 A). The molecular mass of KcsA, predicted 
from the polypeptide sequence, is 18 kD for the mono-
mer and hence 72 kD for the tetramer. Tetrameric KcsA 
has been shown previously to migrate in SDS polyacryl-
amide gels with Mr < 72 kD (Heginbotham et al., 1997), 
and we surmised that the 45-kD band is the tetramer.
For  single-channel  recording,  the  KcsA  tetramers 
formed by IVTT were isolated from an SDS polyacryl-
amide gel by elution into 10 mM HEPES, pH 7.0. The 
protein was added to the cis chamber (ground) of a bi-
layer apparatus, and the solution was stirred until single-
channel activity was seen. Alternatively, the protein was 
introduced directly into the bilayer by using an agarose 
probe (Holden and Bayley, 2005). During this study, 
Figure 2.  Expression of functional KcsA channels by coupled IVTT. (A) Assembly of KcsA channels during IVTT. Products of IVTT were 
separated in a 12.5% SDS polyacrylamide gel supplemented with 10 mM KCl. Lane 1, WT KcsA; lane 2, E71A KcsA. The proteins were 
labeled with [
35S]methionine and visualized by exposure of the dried gel to x-ray film. (B–D) Representative single-channel recordings 
of KcsA purified by SDS-PAGE. (B) WT KcsA in POPE/POPG (3:1) bilayers at +150 mV. (C) WT KcsA in DPhPC bilayers at ±100 mV. 
(D) E71A KcsA in DPhPC bilayers at ±100 mV. The measurements were made in 200 mM KCl, buffered with 10 mM HEPES, pH 7.0, in 
the cis chamber and 200 mM KCl, buffered with 10 mM succinic acid, pH 4.0, in the trans chamber. The traces were digitally filtered at 
1 kHz for display.  Rotem et al. 33
tional properties of a K
+ channel expressed in vitro and 
purified  directly  from  a  gel,  thereby  eliminating  the 
time-consuming labor of traditional protocols.
Formation of heteromeric channels
It had been shown that KcsA heteromers with different 
combinations  of  subunits,  containing  short  and  long 
peptide  extensions,  can  be  separated  by  SDS-PAGE 
(Heginbotham et al., 1997). Therefore, we attempted to 
form heteromeric KcsA channels by co-translation of two 
different constructs. We added DNAs encoding WT and 
E71A KcsA polypeptides, which contained, respectively, 
long and short peptide extensions at the N terminus 
(see Materials and methods), to an IVTT mix. When 
the products were examined by SDS-PAGE, the E71A 
side of a cell and the trans chamber the intracellular side. 
The channels displayed the well-documented activity of 
KcsA: burst-like behavior, with a higher open probability 
at positive potentials compared with negative potentials 
(Fig.  2  C)  (Cordero-Morales  et  al.,  2006b;  Chakrapani   
et al., 2007b). The openings at negative potentials were sig-
nificantly noisier than at positive potentials (not depicted) 
and the I-V curve displayed partial outward rectification 
(Fig. 3). WT KcsA had a conductance of 108 ± 8 pS at + 
100 mV and 50 ± 10 pS at 100 mV in 200 mM KCl. 
These values are in reasonable agreement with previ-
ously reported values of 56 pS at +100 mV and 31 pS   
at 100 mV recorded in 100 mM KCl (Heginbotham   
et al., 1999). This anticipated single-channel behavior 
demonstrates that it is possible to examine the func-
Figure 3.  The addition of a peptide extension to the   
N terminus of KcsA does not affect its activity. I-V curves 
of WT (squares) and E71A (triangles) KcsA without 
(filled  symbols)  or  with  the  G8N  extension  at  the 
N  terminus  (open  symbols).  Each  data  point  rep-
resents the mean ± SD from at least three separate 
bilayers. All the measurements were done in 200 mM 
KCl, buffered with 10 mM HEPES, pH 7.0, in the cis 
chamber and 200 mM KCl, buffered with 10 mM suc-
cinic acid, pH 4.0, in the trans chamber.
Figure 4.  Expression of heteromeric KcsA channels by 
coupled IVTT. The samples were separated in a 12.5% 
SDS polyacrylamide gel supplemented with 10 mM KCl. 
The proteins were labeled with [
35S]methionine and vi-
sualized by exposure of the dried gel to x-ray film. Lanes 
1–5:  protein  products  from  plasmid  DNAs  encoding 
WT-long and E71A-short in the ratios 4:0, 1:3, 2:2, 3:1, 
and 0:4. A schematic representation of the distribution 
of subunits in the heterotetramers is shown (right).34 Inactivation of KcsA heterotetramers
tetramer was not observed, and it was supposed that it 
either did not form or dissociated into monomers in 
SDS. Cations known to permeate or strongly block K
+ 
channels (such as K
+, Rb
+, and Cs
+) confer stability to the 
WT tetramer (Krishnan et al., 2005). Indeed, the addi-
tion of 10 mM KCl to the SDS polyacrylamide gels in-
creased the stability of the E71A tetramer sufficiently 
for purification for single-channel recording. Therefore, 
10 mM KCl was routinely added to gels and to the stor-
age solutions of the purified protein.
When the WT/E71A tetramers were analyzed by SDS-
PAGE, a ladder of five evenly spaced bands was evident 
(Fig. 4). The different heteromeric combinations had 
been separated according to their molecular masses, 
conferred by the N-terminal extensions. However, by 
using this method it was not possible to distinguish 
between the two potential WT2E71A2 tetramers, where the 
mutant protomers are in either symmetric or asymmet-
ric configurations (Fig. 4). The tetramers with different 
ratios of WT and E71A subunits were isolated from the 
gel, and the protein was eluted into 10 mM KCl and   
10 mM HEPES, pH 7.0. Most of the purified protein re-
tained its tetrameric structure, as shown by the rerun-
ning of samples in SDS polyacrylamide gels (Fig. 5). 
The ratios of the two subunits in the dissociated tetra-
mers were as anticipated based on the expected “par-
ent” tetramer structures (Fig. 5).
For further work, the peptide extensions at the N ter-
mini of the KcsA subunits in the tetramers were removed 
Figure 5.  Electrophoretically purified 
KcsA heteromers. The five WT/E71A 
heteromers were purified by SDS-PAGE   
as described in Materials and methods 
and  rerun  in  a  12.5%  SDS  polyacryl-
amide gel supplemented with 10 mM 
KCl,  with  or  without  treatment  with 
TEV  protease.  The  WT  subunits  had 
the long extension and the E71A sub-
units the short extension. Without treat-
ment  with  the  protease,  the  relative 
mobilities  of  the  heteromers  take  on 
a staircase appearance because of the 
different total masses of the extensions. 
After  proteolysis  with  TEV,  all  of  the 
heteromers have the same mobility as 
a KcsA tetramer with an eight-Asn ex-
tension at the N terminus (right lane, 
M8N-KcsA; M, Met). The proteins were 
labeled with [
35S]methionine and visu-
alized by exposure of the dried gel to 
x-ray film. A schematic representation 
of the distribution of subunits in the 
heterotetramers is shown (right). The   
table at the bottom of the figure pre-
sents the ratios of WT KcsA and E71A 
KcsA subunits from spontaneously dis-
sociated  tetramers  (not  treated  with 
TEV protease) on the same gel. The ra-
tios were calculated with Quantity One 
software (Bio-Rad Laboratories).
by proteolysis with TEV protease to form subunits that 
differed from each other only at the mutated position 
71 (Fig. 5). After the proteolysis step, all the subunits in 
a tetramer (WT or E71A) retain a short extension at the 
N  terminus  comprising  one  Gly  residue  followed  by 
eight Asn residues (G8N). Interestingly, in the absence 
of the G8N linker between the N terminus of the pro-
tomers and the TEV recognition site, protease cleavage 
was very inefficient (not depicted). It has been deter-
mined by site-directed spin labeling (Cortes et al., 2001) 
and nuclear magnetic resonance spectroscopy (Baker   
et al., 2007) that the N terminus of the KcsA channel 
forms an  helix. It is possible that this well-ordered sec-
ondary structure prevents the binding of the protease 
or inhibits protease activity when it is adjacent to the 
recognition site. After the proteolysis step, the KcsA tet-
ramers with different ratios of WT and E71A subunits all 
formed active channels in planar lipid bilayers (Fig. 6). 
Comparisons of the properties of WT and E71A KcsA 
channels with or without the G8N extension demon-
strated that the presence of the extension did not affect 
the activity of channels in terms of their unitary con-
ductance values (Fig. 3) and gating activities (compare 
Figs. 2 and 6).
The effect of the E71A mutation on the KcsA  
inward conductance
The I-V curve of WT KcsA in 200 mM KCl reflects sig-
nificant outward rectification (Fig. 3). By comparison,   Rotem et al. 35
single-channel recordings (Fig. 2). The origin of the 
noise is unclear, but it is of a similar magnitude in cur-
rents recorded from WT tetramers.
Comparison of the crystal structures of WT (Zhou   
et al., 2001) and E71A (Cordero-Morales et al., 2006b) 
KcsA channels suggests a possible explanation for the 
differences in the conductance values. In the WT KcsA 
crystal structure, the side chain of Asp80 faces into the 
protein core (Zhou et al., 2001) (Fig. 1). In one of the 
two  structures  of  E71A  (called  “flipped”),  the  Asp80 
side chain moves 8 Å and is situated in the extracellular 
entrance of the channel, exposed to the bulk solvent 
under the same conditions, E71A homotetramers show 
mild inward rectification. Although the mutation has 
little effect on the magnitude of the current in the out-
ward direction, it has a major effect on the inward cur-
rent, e.g., at 100 mV the conductance of WT channels 
is 50 ± 10 pS (n = 4), and the conductance of E71A chan-
nels is about three times higher, 148 ± 5 pS (n = 4). Simi-
lar results were previously published (Thompson et al., 
2008). The E71V homotetramer in planar lipid bilayers 
showed a similar phenomenon, with an even larger in-
ward  conductance  (Choi  and  Heginbotham,  2004). 
The E71A homotetramers exhibited significant noise in 
Figure 6.  Representative single-channel recordings of WT/E71A heteromers purified by SDS-PAGE. All measurements were done at 
±100 mV in 200 mM KCl, buffered with 10 mM HEPES, pH 7.0, in the cis chamber and 200 mM KCl, buffered with 10 mM succinic acid, 
pH 4.0, in the trans chamber. The traces were digitally filtered at 1 kHz for display. All-points histograms of the traces are shown.36 Inactivation of KcsA heterotetramers
ductances are unaffected (Fig. 7). Therefore, the results 
support the idea that the rise in the inward conductance 
of the mutated channel is caused, at least in part, by the 
exposure of the Asp80 carboxyl side chains at the extra-
cellular entrance of the channel, as shown in the flipped 
E71A KcsA crystal structure. On the other hand, the WT 
KcsA inward conductance was not changed at low extra-
cellular pH because the carboxyl side chain of Asp80 is 
buried inside the protein, as shown in the WT crystal 
structure (Fig. 1), and does not form a ring of charge at 
the extracellular entrance.
Measurements on the WT/E71A heteromers gave a 
further  opportunity  to  determine  the  effect  of  Ala 
substitution  at  position  71  on  the  channel  conduc-
tance (Fig. 8 A). The I-V curves of the WT/E71A het-
eromers show that as the number of E71A subunits in 
the  tetramers  is  increased,  the  inward  current  in-
creases (Fig. 8 B). These results suggest that each of 
the E71A subunits in the tetramer makes a cumulative 
contribution to the elevation of the inward current.
Inactivation of KcsA
Proton-dependent activation of KcsA is followed by an 
inactivation process similar to C-type inactivation. As a 
result, at low pH, homotetrameric WT KcsA channels 
are characterized by short bursts of activity that are sep-
arated by long periods of inactivity (Cordero-Morales   
et al., 2006b; Chakrapani et al., 2007b). Under our   
conditions, WT4 KcsA channels behave as described 
in  the earlier reports (Fig. 6). WT4 channels indeed 
have a low open probability, Po < 0.1, and as the bilayer 
is depolarized, the open probability of the channel   
increases  (Fig.  9  A  and  Table  I)  (Cordero-Morales   
et al., 2006a; Chakrapani et al., 2007b). The inactivation 
gate is located in the selectivity filter of the channel,   
and inactivation is suppressed by the E71A mutation 
(Fig. 1) (Cordero-Morales et al., 2006b). The authors 
suggest that eliminating the carboxyl–carboxylate inter-
action between Asp80 and Glu71 increases the flexi-
bility  of  Asp80  side  chain  and  allows  the  observed 
movement (Cordero-Morales et al., 2006b). Based on 
the  conformational  change  observed  in  the  flipped 
structure, the exposed carboxyl side chains of Asp80 
creates an external ring of negative charge (Fig. 1). This 
ring  would  increase  the  inward  conductance  of  the 
channel by decreasing the height of the energy barrier 
for ion entry through the external entrance into the se-
lectivity filter.
The effect of charged rings on conduction has been 
studied  in  various  ion  channels,  including  BK  potas-
sium channels (Qian et al., 2002; Brelidze et al., 2003; 
Carvacho et al., 2008), acetylcholine receptors (Imoto 
et al., 1988), and mutated KcsA (Nimigean et al., 2003). 
For all of these channels, it was demonstrated that the 
presence of negatively charged amino acids in one of 
the entrances into the channel increases the rate of 
transport of cations from this entrance to the other side 
of the membrane.
To further explore the effect of a negatively charged 
ring at the extracellular entrance of E71A KcsA, we 
determined the effect of pH on the conductance of 
the channel. If the source of the increase of inward 
conductance in E71A KcsA channels is a ring of charge 
at the extracellular entrance formed by the exposed 
carboxyl side chains of Asp80, it is predicted that a re-
duction  in  the  pH  on  the  extracellular  side  of  the 
channel would cause a decrease in the inward current 
as a result of protonation of the Asp side chains. When 
the pH in the cis chamber (the extracellular side of 
the channel) is decreased from pH 7.0 to 3.0, only the 
inward conductance of E71A KcsA is reduced, whereas 
for WT KcsA, both the inward and the outward con-
Figure 7.  Currents through WT4 and E71A4 at pH 7.0 
and 3.0 in the cis chamber. I-V curves of WT4 (squares) 
and E71A4 (triangles) at pH 7.0 (filled symbols) and 
3.0 (open symbols) in the cis chamber. Each data point 
represents the mean ± SD from at least three separate 
bilayers. All the measurements were done in 200 mM 
KCl, buffered with 10 mM succinic acid, pH 4.0, in the   
trans chamber and with 200 mM KCl, buffered with 10 mM   
HEPES, pH 7.0, or with 10 mM succinic acid, pH 3.0, in 
the cis chamber.  Rotem et al. 37
(Cordero-Morales et al., 2006b). In contrast with WT4, 
previous work has shown that the open probability of 
E71A4 at low pH is close to one, Po = 1 (Cordero-Morales 
et al., 2006b; Chakrapani et al., 2007b; Thompson et al., 
2008). In the experiments presented here, E71A4 chan-
nels  exhibited  variable  and  lower  open  probabilities 
compared with those reported previously (e.g., Po = 0.58 
± 0.18 at +50 mV; n = 12) (Fig. 9 A and Table I). The ba-
sis of the differences between this study and previous 
work is not clear. Nevertheless, we do find that the open 
probability of E71A4 is much higher than that of WT4 
(Fig. 9 A and Table I) and is practically voltage indepen-
dent (Cordero-Morales et al., 2007).
Measurements  of  the  single-channel  activity  of  the 
WT/E71A heteromers gave a closer view of the mecha-
nism behind the transition of the selectivity filter be-
tween active and inactive states. The open probability of 
WT3E71A1 channels, where one WT subunit is substi-
tuted with one E71A subunit, was higher than that of 
WT4 channels at all the potentials examined (Fig. 9 A 
and Table I). However, like that of WT4 channels, the 
open probability of WT3E71A1 channels was voltage de-
pendent, and it increased as the membrane was depo-
larized. At high depolarizing potentials (above +50 mV), 
the open probability of WT3E71A1 channels approached 
the same level as that of the E71A4 channels (Fig. 9 A 
and Table I). Because of the high variability in the open 
probability values, it was impossible to determine the 
exact values of V1/2 and the gating charge (z) for WT4 
and WT3E71A1. However, the plots of normalized open 
probability as a function of membrane potential of both 
channels can be fit to Boltzmann distributions with sim-
ilar slopes (i.e., similar gating charges), in which the 
V1/2 of WT3E71A1 is shifted to a more negative potential 
(Fig. 9 B). These results suggest that the presence of 
even one E71A subunit destabilizes the inactive state of 
the selectivity filter in the tetrameric channel.
Heteromers  with  additional  E71A  subunits  (i.e., 
WT2E71A2 and WT1E71A3 channels) had open proba-
bility values of the same order of magnitude as E71A4 
channels (Fig. 9 A and Table I). Although it is difficult 
to make a precise comparison of the open probability 
values of WT2E71A2, WT1E71A3, and E71A4 tetramers 
because of their high variability, it is clear that in all 
of  these channels, the open probability is no longer 
Figure 8.  (A) I-V relationships for homotetramers and hetero-
tetramers of KcsA. Diamonds, WT4; squares, WT3E71A1; triangles, 
WT2E71A2; circles, WT1E71A3; crosses, E71A4. Each data point 
represents the mean ± SD from at least four separate bilayers.   
(B)  Unitary  conductance  values  of  WT/E71A  heteromers  at 
100 mV. Each data point represents the mean ± SD from at least 
11 separate bilayers. The measurements were done in 200 mM 
KCl, buffered with 10 mM HEPES, pH 7.0, in the cis chamber and   
200 mM KCl, buffered with 10 mM succinic acid, pH 4.0, in the 
trans chamber.
TA B l E   I
Open probabilities of WT/E71A heteromers
WT4 WT3E71A1 WT2E71A2 WT1E71A3 E71A4
V, mV Po n Po n Po n Po n Po n
50 0.0036 ± 0.0018 11 0.047 ± 0.020 5 0.31 ± 0.17 9 0.46 ± 0.19 10 0.57 ± 0.26 9
50 0.025 ± 0.016 11 0.30 ± 0.19 7 0.27 ± 0.18 9 0.56 ± 0.22 11 0.58 ± 0.18 12
All measurements were made in 200 mM KCl, buffered with 10 mM HEPES, pH 7.0, in the cis chamber and 200 mM KCl, buffered with 10 mM succinic 
acid, pH 4.0, in the trans chamber. Values are mean ± SD.38 Inactivation of KcsA heterotetramers
strated that functional KcsA can be expressed in vitro by 
cell-free coupled IVTT by using an E. coli extract. The 
tetrameric proteins formed in the IVTT mix are stable 
in SDS and therefore can be purified by SDS-PAGE. The 
extracted protein inserts spontaneously into planar lipid 
bilayers. By using single-channel recording, it was shown 
that the activity of KcsA extracted from gels is similar to 
the activity of KcsA purified by conventional means.
Cell-free expression and purification of heteromeric  
KcsA channels
Cell-free protein expression and purification by SDS-
PAGE eliminates the time-consuming steps of traditional 
membrane protein purification protocols. In addition, 
in vitro synthesis provides numerous useful options, in-
cluding the labeling of amino acids and the incorpora-
tion of unnatural amino acids (Spirin, 2002; Wang et al., 
2006). Here, we have exploited one such application, 
namely, the production of heteromers of an oligomeric 
protein. Natural KcsA is a homotetramer. Therefore, it 
is difficult to analyze the contributions to protein func-
tion of individual subunits and the interactions between 
them. To this end, heterooligomers formed from WT 
and  mutated  subunits  can  be  used.  Two  major  tech-
niques have been used previously for the production of 
heteromeric ion channels. The first is in vivo coexpres-
sion of WT and mutated polypeptides. This technique, 
combined with data-fitting analyses of macroscopic cur-
rents, was useful in determining the subunit stoichiom-
etry of channels such as Shaker Kv (MacKinnon, 1991). 
The  second  technique  uses  tandemly  fused  polypep-
tides connected by flexible linkers. The genes are built 
from  WT  and  mutant  genes  fused  tail  to  head.  This 
technique has been used in analyses of subunit coopera-
tivity in processes including the activation of Kv chan-
nels (Zandany et al., 2008). One of the limitations of the 
first approach is the stochastic (or otherwise) sorting of 
the WT and mutant subunits in the heteromers. The 
second method addresses this problem. However, the 
fact that the subunits are fused tail to head can affect their 
ability to function normally or to insert correctly into 
membranes (McCormack et al., 1992; Sack et al., 2008).
In the study presented here, an IVTT system was used 
to produce heteromers of WT and mutant KcsA sub-
units with peptide extensions at their N termini. These 
extensions allowed heteromers with different ratios of 
WT and mutant subunits to be separated on the basis of 
size by electrophoresis. In this way, our technique over-
comes  the  limitations  of  the  other  approaches;  het-
eromers are produced in which the subunits are not 
covalently connected and the stoichiometry of the sub-
units is known. In recent years, this method has been 
used extensively to form heteroheptamers of -hemoly-
sin pores (Bayley and Jayasinghe, 2004). In the study 
presented here, the peptide extensions were removed 
by proteolysis, so that the subunits in the tetramers 
voltage dependent (Fig. 9 A and Table I). These results 
suggest that the presence of two or more E71A subunits 
in a KcsA tetramer provides maximal suppression of the 
transition of the selectivity filter into the inactivated state.
D I S C U S S I O N
The potassium channel KcsA has been used extensively 
as a model for the understanding of structure–function 
relationships in ion channels. Here, it has been demon-
Figure 9.  Voltage dependences of the open probabilities of WT/
E71A heteromers. (A) Plots of open probability (Po) versus volt-
age. Diamonds, WT4; squares, WT3E71A1; triangles, WT2E71A2; 
circles, WT1E71A3; stars, E71A4. Each data point represents the 
mean ± SD from at least three separate bilayers. The measure-
ments were done in 200 mM KCl, buffered with 10 mM HEPES, 
pH 7.0, in the cis chamber and 200 mM KCl, buffered with 10 mM 
succinic acid, pH 4.0, in the trans chamber. (B) Normalized values of 
the data shown in A for WT4 and WT3E71A1. Values were normal-
ized to the maximum Po value, which was set at Po = 1. Diamonds, 
WT4; squares, WT3E71A1. The continuous curves are the best fits 
to Boltzmann functions for WT4 (black) and WT3E71A1 (red).  Rotem et al. 39
dependence of the contributions of each carboxyl group 
makes sense. Therefore, the stability of the intraproto-
meric network of interactions between the pore helix 
and the external entrance of the channel is a major factor 
in the outward rectification of the WT KcsA channel.
The inactivation of KcsA as an allosteric process
Based  on  electrophysiological  measurements  of  mu-
tated channels and molecular dynamics simulations, it 
has been proposed that an intraprotomeric network of 
interactions between Glu71 and Trp67 in the pore helix 
and Asp80 in the external entrance of KcsA (Fig. 1) pro-
motes a distortion of the filter into a nonconductive 
configuration, leading to inactivation (Cordero-Morales 
et al., 2006b). In addition, because the open probability 
of the channel is increased at high positive applied po-
tentials, it has been suggested that membrane depolar-
ization relieves the inactivation of the channel by pulling 
Glu71  toward  the  intracellular  side  of  the  bilayer, 
thereby disrupting the network (Cordero-Morales et al., 
2006a). The open probability of E71A4 is much higher 
than that of WT4, and it is voltage independent. Based 
on these results, it was proposed that the E71A muta-
tion essentially abolishes inactivation because the pres-
ence of Ala in position 71 cannot support the network 
of interactions (Cordero-Morales et al., 2006b, 2007).
As mentioned earlier, our measurements of the uni-
tary conductance of WT/E71A heteromers suggest that 
the identity of the residue at position 71 (Glu or Ala) in 
a protomer determines whether Asp80 in the same sub-
unit is buried in the protein or exposed at the external 
entrance. Therefore, the network of interactions that is 
described above only exists in WT subunits and not in 
E71A subunits, whether they are present in homotetra-
mers or heterotetramers. From our examination of in-
activation, we surmise that the tetrameric selectivity 
filter can be in only one of two configurations: active 
(conductive)  or  inactive  (nonconductive).  For  exam-
ple, we did not observe intermediate current steps   
between the closed and the open levels (although we 
cannot reject the possibility that very short-lived states 
exist that were not acquired in our measurements). In 
other words, the transition of the four selectivity filter 
sequences (TVGYG) between their active and inactive 
conformations is concerted. Therefore, we can describe 
the inactivation of KcsA as an allosteric process, where 
the permeability of the selectivity filter (the active site) 
is affected by the state of the four independent networks 
of interactions between the pore helices and the external 
entrance (together: the regulatory sites). Each WT sub-
unit in a tetramer contains a functional regulatory site that 
stabilizes the inactive conformation of the selectivity filter. 
In an E71A protomer, this regulatory site is defective.
Our results show that under strongly depolarizing 
potentials (above +50 mV), the open probabilities of 
WT/E71A heteromers with one or more E71A subunits 
differed only by the desired mutation at position 71. 
This was an important step because the extensions were 
up to about one quarter of the mass of each monomer 
and situated close to the channel entrance. They might 
therefore have influenced channel activity. Both KcsA 
and -hemolysin form stable oligomers in SDS polyacryl-
amide gels and therefore can be purified by electropho-
resis. “Native” gel electrophoresis might be suitable for 
the separation and purification of oligomeric proteins 
that are not stable to SDS-PAGE.
The E71A mutation affects KcsA channel stability  
and ion conduction
E71A,  the  mutation  used  throughout  this  work,  was 
shown to affect the stability of KcsA channels and their 
gating  and  conductance  properties.  The  source  of 
these effects is likely to be the elimination of the car-
boxyl–carboxylate  interaction  between  Asp80  and 
Glu71 (Cordero-Morales et al., 2006b). As a result, the 
side chain of Asp80 becomes more flexible, which dis-
rupts its interaction with Trp67. Consequently, Trp67 is 
able  to  switch  from  one  rotameric  state  to  another 
(Cordero-Morales et al., 2006b). In WT channels, the 
side chain of Trp67 is turned toward the adjacent pro-
tomer and lies in close proximity to several residues, in-
cluding  Arg89,  which  has  been  implicated  in  the 
stability of the tetramers (Irizarry et al., 2002). In E71A4, 
one of the rotamers of Trp67 is orientated away from 
the contact plane with the adjacent protomer (whereas 
the  other  is  located  as  found  in  the  WT  channel). 
Therefore, the flexibility of Trp67 in E71A channels 
weakens the stability of the tetramer. Inorganic cations 
known to permeate or strongly block K
+ channels con-
fer stability to the KcsA channel (Krishnan et al., 2005), 
and indeed we found that the addition of 10 mM KCl to 
SDS polyacrylamide gels increased the stability of the 
E71A homotetramer.
Our results also show that the inward conductance of 
E71A KcsA channels is much higher than that of WT 
channels and is reduced at low pH. In the crystal struc-
ture of the E71A homotetramers (in the flipped confor-
mation; Cordero-Morales et al., 2006b), Asp80 residues 
are exposed at the extracellular entrance. Therefore, 
our findings suggest that the exposed side chains create 
a ring of negative charge that decreases the height of 
the energy barrier for ion entry into the selectivity filter 
and therefore increases the inward current. At low pH, 
the Asp80 side chains become protonated, and their ef-
fect on the electrostatic potential at the entrance is re-
duced. By using the WT-E71A heteromers, it was shown 
that the addition of each E71A subunit to the tetrameric 
channel makes a cumulative contribution to the eleva-
tion of the inward conductance. In the flipped crystal 
structure of E71A tetramers, the distance between the 
carboxyl groups of the Asp80 side chains is 9 Å. Be-
cause the Debye length in 200 mM KCl is 7 Å, the in-40 Inactivation of KcsA heterotetramers
subunits that stabilizes inactivation becomes stronger 
(Cordero-Morales et al., 2006a). We propose that, under 
these conditions, the concerted transition of the selec-
tivity filter sequences of all the subunits of a tetramer 
into the inactive conformation occurs even when the 
regulatory  network  is  broken  in  one  of  the  subunits 
(Fig. 10). However, because the open probability of chan-
nels with one E71A protomer is higher than WT4 across 
the entire measured voltage range (Fig. 9 A), we also 
propose  that  at  hyperpolarized  potentials  (when  the 
network of interactions is relatively strong), the destabi-
lization of the regulatory network in one protomer still 
exerts a negative effect on the concerted transition of the 
selectivity filter sequences into the inactive conformation.
Conclusion
These studies of WT/E71A KcsA heteromers have of-
fered a glimpse into the mechanism of inactivation of 
the  KcsA  channel.  It  was  previously  shown  that  the   
C-type inactivation of Kv channels is a cooperative process 
that involves a concerted conformational change in all 
four protomers (Ogielska et al., 1995; Panyi et al., 1995). 
Superimposition of the KcsA crystal structure (PDB en-
try 1K4C) with the crystal structures of the Kv1.2 channel 
are similar to the open probability of E71A homotetra-
mers (Fig. 9 A and Table I). Therefore, we suggest that 
under these conditions, the transition of the selectivity 
filter sequences into the inactive state in all E71A-
containing heteromers is defective. On the other hand, 
channels  with  four  WT  subunits  have  a  much  lower 
open probability in this voltage range, reflected by their 
greater tendency to inactivate. The network of interac-
tions that stabilizes the inactivated state is relatively weak 
under a strong depolarizing potential, which pulls Glu71 
toward the intracellular side of the bilayer, disrupting the 
network  of  interactions  between  Glu71,  Trp67,  and 
Asp80. We propose that, under these conditions, the con-
certed transition of the selectivity filter sequences of all 
four subunits into their inactive conformation will hap-
pen only when all of the subunits are stabilized in that 
conformation by the regulatory network (Fig. 10).
A decrease in the membrane potential does not affect 
the open probability of channels that contain two or 
more E71A subunits. In contrast, the open probabili-
ties of E71A1WT3 and WT4 are reduced as the mem-
brane potential becomes more negative (Fig. 9, A and B, 
and Table I). It has been suggested that at more nega-
tive  potentials,  the  network  of  interactions  in  WT 
Figure 10.  A model for inactivation of KcsA channels as an allosteric process. Upon inactivation, there is a concerted transition of all 
four selectivity filter sequences (TVGYG) from the active conformation (green symbols) to the inactive conformation (red symbols). 
The conformation of the selectivity filter (the “active site” by analogy with allosteric enzymes) is regulated by networks of interactions 
between the pore helix and the external entrance of the channel that are formed independently within each subunit of the tetramer 
(the “regulatory sites” by analogy with allosteric enzymes). The selectivity filter sequence of each WT KcsA protomer is stabilized in its 
inactive conformation (striped symbols). On the other hand, the regulatory sites of E71A protomers are defective and do not support 
the stabilization of the inactive conformation of the selectivity filter sequences (open symbols). Under highly depolarizing potentials 
(top panel), the network of interactions is weakened (Cordero-Morales et al., 2006a). Under these conditions, the concerted transition 
of all four selectivity filter sequences into inactive conformations happens only when all four are stabilized by their regulatory site. When 
the membrane potential is negative (bottom panel), the network of interactions in the regulatory site becomes stronger. As a result, the 
concerted transition of the four selectivity filter sequences into inactive conformations occurs even when one of the sequences is not 
stabilized in the inactive conformation by its regulatory site. Pale red symbols correspond to unfavorable states of the KcsA channel.  Rotem et al. 41
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